This paper reported the enantioseparation of Naproxen, Ketoprofen and Etodolac on tartardiamide-DMB chiral stationary phase (CHI-DMB) and (R,R)-DNB-DPEDA chiral stationary phase，using hexane as the mobile phase with various modifiers. The influence of the mobile phase composition including the type and concentration of the modifiers in hexane and the structures of the analytes on the chiral separation was studied. The results indicated that the steric structure of the solute, especially the environment of the chiral carbon, was the predominant factor for the chiral recognition. The type, the steric structure and the concentration of the modifiers also influence the retention factor and the resolution. The chiral recognition mechanism of the analytes on CHI-DMB and (R,R)-DNB-DPEDA was also discussed. The hydrogen-bonding interaction played an important role on enantioseparation on CHI-DMB, so did the π-π interaction. On (R,R)-DNB-DPEDA the π-π interaction was the key for the solutes retention and enantioseparation, while hydrogen-bonding interaction was not important. Additionally, it has been demonstrated that enantioselectivity and retention was also dependent upon the nature and functional groups on the aromatic ring of solutes and CSP.
Introduction
In recent years, the importance of developing methods for the separation of chiral compounds has been increased in several fields, such as medicine, agrochemicals, asymmetric catalysis, and so on. Chiral recognition plays an essential role in the field of enantioseparation. Chromatographic enantioseparation has become the most practical way of separating enantiomers, and many chiral stationary phases (CSPs) have been developed [1] [2] [3] [4] [5] . HPLC separation method based on chiral stationary phases (CSPs) is one of the most powerful and widely used for both analytical and preparative purposes for it enables direct separation of the chiral analytes without preliminary derivation with chiral reagents.
Derivatives of (R,R)-tartaric acid, in particular esters and amides, have been used as chiral additives to the mobile phase for the separation of a variety of hydroxy acids and amino acids [6] [7] [8] . Mechanistic details of chiral recognition on brush type Pirkle CSPs have been investigated intensely. Its chiral recognition mechanism is relatively better understood and it is possible in many cases to predict which analytes will resolve on this CSP [9] [10] [11] [12] .
Naproxen, ketoprofen, Etodolac belong to an important group of medicines called non-steroidal anti-inflammatory agents and is widely used in the treatment of rheumatic and other inflammatory diseases and for the relief of mild to moderate pain [13] . Naproxen has a chiral centre and the pharmacological activity resides mainly in the S-naproxen. Naproxen is sold only as S-naproxen [14] . Etodolac is used to relieve the pain, tenderness, inflammation (swelling), and stiffness caused by osteoarthritis and rheumatoid arthritis. Short-acting etodolac also is used to relieve pain from other causes. Etodolac has a chiral centre and used to sold as racemates. But the pharmacological activity resides mainly in the S-Etodolac and the R-Etodolac almost no pharmacological activity [15] . Therefore, enantiomeric separation and purity assessment is vital in assuring good quality in the pharmaceutical production. A variety of chiral stationary phase (CSP) methods have been proposed for the chiral separation of Naproxen, ketoprofen, such as CHIRAL-CEL OD, (+) 18-C-6-TA, (R,R)-Whelk-O1, etc. [16] [17] [18] . However, there is no literature search about the chiral separation of Naproxen, Etodolac on CHI-DMB CSPs and none of them was enantioseparated on (R,R)-DNB-DPEDA by HPLC.
In current study the attempt was made to separate the enantiomers of Naproxen, ketoprofen, and Etodolac on CHI-DMB and (R,R)-DNB-DPEDA, and the influence of the mobile phase composition including the type and concentration of the alcoholic modifier in hexane and the structures of the analytes on the chiral separation was investigated. The chiral recognition mechanism between the analytes and CHI-DMB, (R,R)-DNB-DPEDA was also discussed.
Experimental

Regents
All chemicals used were kindly donated by Zhejiang Agriculture and Farming Administer Office (China) (Figure 1 ).
Apparatus
Enantioseparations were performed using Waters 2690 Separations Module equipped with a Waters 996 Photodiode Array Detector and Waters Millennium32 System 
Chromatography
The mobile phase compositions were n-hexane with different percentage of various alcohols, acetic acid (HAC) and tert-butyl methyl ether (TBME). The samples were dissolved in ethanol. All solvents and mobile phase were filtered by 0.45 m filter membrane and degassed in an ultra-sonic bath before use. The flow rate was 1.0 ml·min -1 . The column temperature was 25˚C. UV detection was performed at the maximum absorption wavelength (λ max ) of the solute. The void volume was determined using 1,3, 5-tritert-butylbenzene. Separation factors (α) were calculated 
,where 1 k and 2 were retention factors for the first and the second eluting enantiomer, respectively. The resolutions (R S ) were calculated as R S = 2(t 2 -t 1 )/(w 1 + w 2 ), where w 1 and w 2 were baseline peak widths for the first and the second eluting enantiomer, respectively. The Kaiser's peak separation index (R p ) were calculated as
, where h 1 and h 2 were the peak heights of the two enantiomers respectively and h v is the valley height between two enantiomer peaks.
Results and Discussion
The Influence of Different Polar Alcohol Modifiers in Mobile Phase on the Enantioseparation of Naproxen, Ketoprofen and Etodolac on CHI-DMB Column
Using ethanol, n-propanol, iso-propanol, n-butanol as alcoholic modifier respectively, the enantioseparation of Naproxen, Ketoprofen and Etodolac was experimented on CHI-DMB. The chromatographic results are given in Table 1 . It was shown that: 1) The retention factor of naproxen increased as the mobile phase modifier changed from ethanol to iso-propanol and then to n-butanol, should be due to the decrease in solvent polarity and the increase in bulk of alcoholic modifiers. These results indicated that the hydrogen-bonding might be the predominant factor Table 1 . The influence of different polar alcohol modifier in mobile phase on the enantioseparation of three acids on CHI-DMB column. ; temperature, 25˚C; the dead time was determined using 1,3,5-tri-tert-butyl benzene; Detection wavelength, Naproxen (232 nm), ketoprofen (250 nm), Etodolac (225 nm).
between solute and CHI-DMB CSP. In addition, the steric structure and the bulk of the alcoholic modifier were also influence the retention factor. Ketoprofen followed the same trend. But as for Etodolac, the retention factor almost kept constant except ethanol. 2) Etodolac got best enantioseparation among the three non-steroidal anti-inflammatory agents. Compare the structure of the analytes, the chiral carbon of Etodolac directly connects with -O group and the hydrogen-bonding interaction between the -O group of Etodolac and the N-H group of the CHI-DMB moiety of CSP played a principle role for the chiral recognition. But the retention of Etodolac was weakly which indicated that stronger interaction didn't mean better resolution and vice versa. 3) Ketoprofen got stronger retention than Naproxen, but obtained worse enantioseparation. As seen in Figure 1 , The chiral carbon of Naproxen connects with 6-methyoxy naphthyl group. The phenyl ring of CHI-DMB should be a π-base because of the two -CH 3 groups. And the naphthyl ring with -OCH 3 group is a π-base too, so the π-π interaction between phenyl ring of CHI-DMB and the the naphthyl ring with -OCH 3 group of Naproxen was repulsive. While The chiral carbon of ketoprofen links to metabenzoylphenyl, so the π-π interaction between CHI-DMB and ketoprofen was attractive. The results suggest that the π-π interaction was important for solute retention but was not the beneficial for the chiral recognition of three non-steroidal anti-inflammatory agents on CHI-DMB. 4) The α of Naproxen and Ketoprofen was essentially unchanged whenever adding what kind of alcohol. The results indicated that the mobile phase constitution had little affection on enantioselectivity.
The Influence of Iso-Propanol Concentration in Hexane on the Chiral Separation on CHI-DMB Chiral Column
In order to study the influence of the alcohol modifier on the retention factors (k'), the resolution (R S ) and the separation factor (α) for each solutes, the concentration of iso-propanol in hexane was varied. The chromatographic results were given in Table 2 . It was evident that the retention factor and the resolution decreased with increasing of the iso-propanol concentration in mobile phase. As the increase of the alcohol concentration in mobile phase, the eluting ability of mobile phase increased, the strength of the hydrogen bonds between the solutes and stationary phase decreased, then the k' decreased. Under these conditions, the leading interaction between the solutes and the stationary phase was hydrogen bonding interaction. Interestingly, the enantioselectivity of Naproxen and Ketoprofen was essentially unchanged when iso-propanol concentration ranging from 5% to 1%. But as for Etodolac, the enantioselectivity was changed when iso-propanol concentration ranging from 1% to 0.2%. This suggested that, at a range Mobile phases, hexane-iso-propanol, the other chromatographic conditions were shown in Table 1 .
of alcohol modifier concentration, the conformation of the CHI-DMB and the selective adsorption sites were not affected by alcohol modifier concentration. It is also possible that enantiomeric separation was a result of more than one type of interaction. There can be a leading interaction determines the retention of the enantiomers and at least one other type of interaction that is independent of solvent polarity and responsible for enantiomeric selectivity such as steric interactions.
The Influence of TBME and HAC Concentration in Hexane on the Chiral Separation on CHI-DMB Chiral Column
Kromasil chiral stationary phase CHI-DMB is based on tartaric acid derivatives which are polymerized, crosslinked, and covalently bound to a functionalized Kromasil silica. The retention and selectivity are mainly dependent on the hydrogen bonding ability of the analyte, which is regulated by the mobile phase modifiers such as esters, ethers, ketones, and alcohols. In addition to hydrogen bonding there are also - interactions and steric interactions. However, because of the strong hydrogen-donor and acceptor properties of the alcohols, the use of alcohol as an organic phase modifier in the mobile phase inhibited the stereoselective binding between the chiral selector and the analytes, resulting in partial resolution. This is because of competition between the hydroxyl group of the alcohols and the carboxylic group in the analytes occured in forming hydrogen bonds with the respective amide groups on the chiral stationary phase. Replacing alcohols by TBME as an organic mobile phase modifier, these three acids all got better enantiosepara-tion. Increasing the amount of TBME reduced the efficiency of resolution. This could be due to an increase of hydrogen bonding between the ether oxygen of TBME and the hydrogen of the amide group in the chiral stationary. Furthermore, the best mobile phase used was hexane and TBME with a small amount of acetic acid. Because the solutes are acidic compounds, the HAC adding can improve peak shape. This may be the addition ensured that the carboxylic group existed in the unionized form (pK a of acetic acid is 4.74). When the carboxylic group remains in its unionized form, it facilitates forming hydrogen bonding with the amide groups of the chiral selector. Naproxen, ketoprofen and Etodolac were completely resolved since these acides fit the binding sites on the chiral stationary phase, resulting in baseline separation. The influence of acetic acid concentration in mobile phase on these three acids on CHI-DMB was shown in Table 3 .
The data showed the acetic acid adding shortened the retentions dramatically and perfected the band shape. As the increase of acetic acid concentration, solutes got shorter retention and better resolution. It suggested that the competition between the solute and the acetic acid for chiral site on CHI-DMB became stronger, the solute retention went shorter. And the decrease of the TBME concentration and the acetic acid in mobile phase did not have a dramatic effect on the separation factors (α). These results indicated that the polarity alteration of mobile phase did not affect the nature of CSP discrimination. 
The Influence of Different Polar Alcohol Modifiers in Mobile Phase on the Enantioseparation of Naproxen, Ketoprofen and Etodolac on (R,R)-DNB-DPEDA Chiral Column
Naproxen and Etodolac got enantioseparation on (R,R)-DNB-DPEDA chiral column but ketoprofen had not been separated. The retention factors (k'), separation factors (α) and resolutions (R s ) of Naproxen and Etodolac on (R,R)-DNB-DPEDA chiral column, with different alcohol modifiers are given in Table 4 .
As seen in Table 4 , the retention factor of Naproxen was relatively similar on (R,R)-DNB-DPEDA CSP whenever adding what kind of alcoholic modifiers. The isoPropanol was the most favorable modifier and n-Butanol was the most unfavorable modifier for Naproxen. But Etodolac gained best separation using ethanol as alcoholic modifier and obtained worst enantioseparation using iso-Propanol as alcoholic modifier. The results suggested there might not exist hydrogen bonding interaction between solute and CSP or the hydrogen-bonding interaction is not important for the chiral recognition.
The Influence of Iso-Propanol Concentration in Hexane on the Chiral Separation on (R,R)-DNB-DPEDA Chiral Column
The influence of iso-propanol concentration in hexane on the chiral separation was investigated. The chromatographic results are given in Table 5 .
As seen in Table 5 : 1) The retention factor, enantioselectivity and the resolution decreased with increasing of the iso-propanol concentration in mobile phase. As the decrease of the alcohol concentration in mobile phase, the eluting ability of mobile phase decreased, then the k' increased. The resolution and the separation factor of Naproxen and Etodolac increased as the decrease of the Mobile phases, hexane-iso-propanol, the other chromatographic conditions were shown in Table 4 .
Chromatographic conditions: (a) (S,S)-Whelk-O1-CSP; flow-rate, 1.00 ml·min -1 ; UV detector, 280 nm, mobile phase, n-hexane:i-propanol (0.78 mol/mL) for 1. alcohol concentration in mobile phase. These results indicated that the polarity alteration of mobile phase affected the nature of (R,R)-DNB-DPEDA CSP discrimination; 2) Naproxen got stronger retention and better resolution than Etodolac. As said before, the chiral carbon of Naproxen connected with 6-methyoxy naphthyl group. The phenyl ring of (R,R)-DNB-DPEDA should be a π-acid because of the two -NO 3 groups. And the naphthyl ring with -OCH 3 group is a π-base, so the π-π interaction between phenyl ring of (R,R)-DNB-DPEDA and the the naphthyl ring with -OCH 3 group of Naproxen was stronger. The results suggest that the π-π interaction was the key for solute retention and enantioseparation. 3) Ketoprofen had not been separated. The chiral carbon linked to meta-benzoylphenyl, so the π-π interaction between (R,R)-DNB-DPEDA and ketoprofen was weaker. The results further suggested that the π-π interaction was the key for solute retention and enantioseparation.
The enantioseparation of Naproxen (a, d), Ketoprofen (b) and Etodolac (c, e) are illustrated in Figure 3 .
Conclusion
In conclusion, Naproxen, ketoprofen and Etodolac got successful enantioseparation on two chiral columns. The chiral recognition mechanism of solutes on each CSP was different. On CHI-DMB, hydrogen-bonding interactions played an important role in chiral recognition. And π-π interaction was important for solute retention but was not important for the chiral recognition of these acids on CHI-DMB. On (R,R)-DNB-DPEDA-CSP, the π-π interaction was the key for the solutes retention and enantioseparation, while hydrogen-bonding interaction was not important. Additionally, it has been demonstrated that enantioselectivity and retention was also dependent upon the nature and functional groups on the aromatic ring of solutes and CSP.
